To investigate the ability of microalgae to develop stable, long-term resistance to herbicides, the marine microalga Tetraselmis suecica was exposed to the herbicide diuron (5 μg/L) for a 43-generation exposure period followed by a 12-generation depuration phase. During the first 25 generations, diuron-exposed cultures showed doubling times ranging from 1.95 to 2.6 days, which was 2 to 2.5-fold longer than control cultures. Between generations 25 and 38, during diuron exposure, two out of the three exposed cultures exhibited a spontaneous drop in doubling time. These results provided evidence of culture adaptation to diuron. To assess persistence of the diuron adaptation observed on growth performance, one of the adapted cultures (D 3 ) was maintained for 12 months in unexposed conditions and then tested by a second, short-term exposure to diuron 5 μg/L, in parallel with a control culture (C 1 ) for six generations. Flow cytometry analyses were used to monitor cell density, viability, morphology, relative chlorophyll content and intracellular reactive oxygen species (ROS) level. Under these conditions, diuron induced a strong increase of doubling time in exposed-C 1 cultures (2.5-fold longer than unexposed-C 1 cultures), but no significant increase occurred in exposed D 3 -cultures compared with unexposed D 3 -and unexposed C 1 -cultures, showing the persistence of adaptation in the previously-exposed strain D 3 . Intracellular ROS level showed the same trend. Significant differences were observed between these strains, with weaker effects of diuron on strain D 3 compared with strain C 1 : forward scatter (FSC), representing relative cell size, decreased in exposed cultures (67.8% and 95% of the controls for C 1 and D 3 , respectively), whereas FL3 as relative chlorophyll content increased in exposed cultures (115.6% and 108.6% of the controls for C 1 and D 3 , respectively).
Introduction
Pesticides have been used extensively worldwide to improve agricultural productivity. Among the thousands of pesticide molecules on the market, herbicides are the most widely consumed, accounting for 48% of worldwide pesticide consumption in 2005 (Zhang et al., 2011) . Diuron (phenylurea) is a broad-spectrum herbicide, persistent in seawater (Thomas et al., 2002) . The documented toxicity of diuron for aquatic organisms led to its registration on the priority substance list of the Water Framework Directive (2000/60/CE). Diuron inhibits photosystem II (PSII) by competing with plastoquinone at the Q B binding site of the D1 protein in the PSII reaction centre, which inhibits energy transfer (Oettmeier, 1992) . Contamination of aquatic environments with anthropogenic substances such as herbicides may induce adverse effects on non-target organisms, including microalgae. As unicellular photosynthetic organisms, microalgae have physiological homologies with higher plants that make them potentially vulnerable to herbicides (DeLorenzo et al., 2001 and Dorigo et al., 2004). As primary producers, microalgae sustain the development of higher trophic levels. Damage caused by herbicides to microalgae in the natural environment could thus affect the quantity and quality of food available for primary consumers (Pennington and Scott, 2001 ).
In addition to their major ecological role, microalgae are also valuable laboratory model organisms. With many genera and species easy to cultivate, their short generation time makes microalgae perfect biological tools in ecotoxicity testing of pollutants. Numerous laboratory studies have been published using microalgae to test for and to compare pesticide toxicity (Bengtson Nash et al., 2005, Fernandez3 tests, microalgae are usually exposed to chemicals for 48, 72 or 96 h, which is only sufficient 68
to ensure a few cell divisions. Their short doubling time makes it easy to work on dozens of 69 generations, and thus to address the question of multigenerational effects of pollutants, 70 acclimation and/or adaptation, on eukaryote phototrophic organisms. It is well known that 71 organisms are able to deal with stress in their environment (including pollutants) by the 72 modification of gene expression, which allows physiological acclimation (Bradshaw and 73 Hardwick, 1989) . However, if levels of stress conditions exceed physiological limits, then 74 only the best adapted genotypes will be able to survive. This genetic variability, offering the 75 potential for adaptation or resistance, is mainly due to mutations that occur randomly across 76 the genome (Sniegowski and Lenski, 1995) . 77
Long-term exposure experiments using genetic approaches can help us to investigate the 78 mechanisms that lead to resistance to a molecule. In such studies, Luria Long-term exposure experiments may also be performed using an ecotoxicological approach 88 to study the multigenerational effects of toxicants on quantitative growth (percentage of 89 growth inhibition) (Pennington and Scott, 2001 ), which provided the first evidence of effects 90 on population dynamics. When microalgae growth is inhibited to some extent under exposure 91 to a toxicant, it is important to understand whether inhibition i) will remain at the same level 92 or increase over generations or; ii) will fall, indicating resistance. Growth impairment may be 93 associated with genetic changes (Labra et al., 2007 ) that can be detected in the whole genome 94 using genetic fingerprinting methods. Among these methods, amplified fragment length 95 polymorphism (AFLP) allows the whole DNA extract to be worked upon without prior 96 knowledge of target sequences (Vos et al., 1995) . The AFLP method has been successfully 97 applied on various microalgae species for genetic diversity studies (Gaebler et al., 2007; John 98 et al., 2004; Logares et al., 2007) but has only, to our knowledge, been used in one microalgae 99 ecotoxicology study (Labra et al., 2007) . In addition to growth and genetic fingerprinting, 100 other cellular endpoints can be monitored to detect possible effects of toxicants on a cell In order to address questions 1, 2, 3 and in part question 4, the marine microalga Tetraselmis 120 suecica was exposed to the herbicide diuron in both a long-term and a short-term experiment. 121
The objectives were: i) to study the effects of diuron 122 on growth and DNA in a long-term, multigenerational exposure and to test whether diuron 123 exposure would induce noticeable changes in the strain; ii) to check for the persistence of 124 adaptation to diuron after a long depuration period by a study of the strain's responses to 125 5
Microalgal cultures 136
The marine microalga Tetraselmis suecica (CCMP 904) was obtained from the Provasoli-137
Guillard National Center for Marine Algae and Microbiota, and maintained in sterile f/2 138 medium (Guillard and Ryther 1962, Guillard 1975 ). Cultures were grown in 500 mL round 139 glass flasks filled with 300 mL sterile f/2 medium. Flasks were first heated to 450°C for 6 h, growth phase (decrease of instantaneous growth rate), it was diluted to 10,000 cell/mL in a 165 new flask containing fresh medium in order to maintain the experiment over many 166 generations (on average a 2% dilution was made for controls and a 4% dilution for exposed 167 cultures). Before each dilution, a part of the culture (60 to 100 mL, depending on the cell 168 density) was taken for DNA analysis. Successive dilutions for each of the six cultures (8 for6 controls and 10 to 11 for exposed cultures) were carried out over 55 generations. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 To obtain genetic fingerprints from the cultures of the long-term exposure experiment, 247
Amplified Fragment Length Polymorphism (AFLP) analyses were carried out. After adequate 248 extraction, the complete DNA was digested into fragments using restriction enzymes. at 4°C. The supernatant was discarded and cell pellet was suspended in 500 µL TNE buffer, 261 75 µL SDS 10%, 75 µL sarkosyl 10% and 12 µL proteinase K at 25 mg/mL. After gentle 262 stirring, the tube was incubated at 40°C for 2 h. Lysate was purified by extraction with an 263 equal volume of phenol-chloroform-isoamyl alcohol (PCI, 25:24:1), and the residual phenol 264 was removed by extraction with an equal volume of chloroform-isoamyl alcohol (CI, 24:1). 265
Then, 2 µL RNase (10 mg/mL) were added to the aqueous phase containing the DNA, and the 266 tube was incubated at 60°C for 1 h. RNase was eliminated as previously described by an 267 extraction with PCI followed by an extraction with CI. Two volumes of absolute ethanol and 268 sodium acetate (10% of the total volume, 3 M, pH 5.2) were then added to the aqueous phase. 269
The DNA pellet formed was recovered using a sterile glass pipette, and rinsed in ethanol 270 70%. After drying for a few seconds, the pellet was resuspended in sterile TE buffer (10 mM In order to test for significant differences between the DNA fingerprints obtained from 303 control and exposed cultures, analyses of similarity (Clarke, 1993) were performed on binary10 matrices from electrophoregrams using the one-way ANOSIM function in Past v2.17b 305 software (Hammer et al. 2001) . 306
Short-term exposure experiment 307
Analyses of variance (ANOVA) using general linear models (GLM) were performed to check 308 for significant differences between the C 1 and D 3 strains. One-way ANOVAs were then 309 performed on each strain to check for significant differences in growth, morphology and 310 intracellular ROS level between control and diuron-exposed cultures. A p value < 0.05 was 311 considered statistically significant. When significant differences were observed, the multiple 312 range Newman-Keuls test was used to compare means. All statistical analyses were 313 performed using Statgraphics ® Centurion XVI software. 314 315
Results 316

Multigenerational exposure experiment 317
Evolution of doubling time 318
The experiment lasted about 55 generations (54 to 57, depending on the culture). While 319 control cultures (C) were grown without exposure to diuron over 55 generations, exposed 320 cultures (D) were exposed to 5 µg/L diuron over about 43 generations, followed by a 321 depuration period of 12 generations. These 55 generations corresponded to 8 successive 322 dilutions and cultures for control cultures, whereas diuron-exposed cultures needed 10 to 11 323 successive dilutions and cultures to reach the same number of generations. For each 324 successive culture, the growth curve was used to calculate the corresponding doubling time 325 (T D ) and number of generations (N G ). Evolution of T D over N G is shown in Fig. 1.  326 Throughout the experiment, control cultures exhibited T D values that fluctuated by around 1 327 day, ranging from 0.78 days (C 1 at N G = 36) to 1.19 days (C 3 at N G = 54) (Fig. 1) . The 328 triplicate values were very similar to one other. 329
During the first five successive dilutions, the diuron-exposed (D) replicates exhibited 330 relatively close T D values and similar fluctuations between 1.95 and 2.6 days, which was 331 twice as long as the C cultures (Fig. 1) . The replicates then evolved differently (Fig. 1) . 332
Among the three cultures exposed to diuron 5 µg/L, two exhibited a spontaneous decrease in 333 their T D during exposure: D 3 and D 2 doubling times dropped after 25 and 32 generations, 334 respectively, and then remained between 1.18 and 1.44 days until depuration (Fig. 1) 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 11 during the whole exposure time and dropped when depuration began after 41 generations, 338 remaining at 1.20-1.31 days during the depuration phase (Fig. 1) . 339
At the end of this multigenerational exposure experiment, replicates C 1 and D 3 from control 340 and exposed cultures, respectively, were maintained for a further 13 and 12 months (for C 1 341 and D 3 , respectively) under unexposed conditions. 342 
Short-term exposure experiment 356
The short-term exposure experiment took place 12 months after the end of the first depuration 357 phase of the D 3 multigenerational exposure and was performed twice, independently, over six 358 generations, with a single dilution: growth lasted seven days. As similar results were obtained 359 for both short-term experiments, only one of these is presented. 360 361
Cell viability 362
During the experiment, cultures contained at least 95% of viable cells except on the first day 363 where viability percentages were in the range 92-95% (data not shown). There was no 364 difference in cell viability between the controls and the cultures exposed to diuron. 365 366
Growth and intracellular ROS level 367
Daily cell density monitoring allowed calculation of the average T D of the whole growth 368 phase for each culture condition (Fig. 2) . Exposure of strain C 1 to 5 µg/L diuron significantly 369 increased T D and ROS intracellular level (Fig. 3) on the last day of the experiment (p < 370 0.001): T D was 2.5-fold longer compared with C 1 -control cultures ( Fig. 2A) and mean FL1 A c c e p t e d M a n u s c r i p t   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 12 ratio was 2.4-fold higher (Fig. 3A) . For strain D 3 , no significant difference was detected for 372 growth (Fig. 2B) or intracellular ROS level (Fig. 3B) 
Morphology and relative chlorophyll content 376
On the last day of the experiment, relative cell size (FSC), complexity (SSC) and chlorophyll 377 content (FL3) were compared between strains C 1 and D 3 , and between control and exposed 378 cultures (Fig. 4) . No significant difference was detected between strains C 1 and D 3 , whatever 379 the parameter considered (p > 0.05). 380
Exposure to diuron significantly decreased relative cell size of C 1 -exposed cultures (67.8% of 381 the C 1 -control, p < 0.001) and D 3 -exposed cultures (95% of the D 3 -control, p < 0.05). Under 382 diuron exposure, relative chlorophyll content of the cells was significantly increased in both 383 strains: mean FL3 value was 115.6% of the C 1 -control value in C 1 -exposed cultures (p < 384 0.001) and 108.6% of D 3 -control value in D 3 -exposed cultures (p < 0.05). Although 385 significant, differences observed in strain D 3 were less marked than for strain C 1 . 386
While relative cell complexity of C 1 -exposed cultures was significantly lower than C 1 -control 387 cultures (p < 0.01), no significant difference was detected between D 3 -exposed cultures and 388 the D3-control. 389 In our experiment, exposure to diuron was not carried out on clones but on polyclonal 452 cultures, meaning that genetic diversity was present. One of our goals was to assess the 453 possible multigenerational effects of diuron on DNA of the microalga. As this species was not 454 completely sequenced, it was chosen for work on fragment polymorphism using the AFLP 455 technique (Vos et al., 1995) . This DNA fingerprinting technique was recommended for 456 similarity assessment of microalgae strains within and between populations (de Bruin et al. 
Conclusion 523
After a first severe growth inhibition when exposed to diuron 5 µg/L, the microalga 524
Tetraselmis suecica showed resistance to the herbicide during long-term exposure, most 525 probably as a result of selection of a resistant variant. This resistance, which did not impair 526 growth rate, was shown to be persistent after a year without exposure to diuron. These results 527 suggest that chronic pollution of coastal areas with diuron could strongly disturb primary 528 production and microalgae diversity: after a first drop in primary production as a consequence 529 of growth inhibition and elimination of sensitive variants in the microalgae community, 530 genetic variants adapted to the herbicide could arise and dominate, occupying vacant 531 ecological niches. Even though this ability of some microalgae to survive and maintain high 532 growth rates in polluted environments would allow primary production to be maintained, this 533 would take place at the expense of genetic variability and biodiversity. 534 13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 A c c e p t e d M a n u s c r i p t
Captions Table 1 -Primers tested and used for pre-selective and selective amplifications in the AFLP analysis. Primers shown in italics are those selected for analysis in the long-term experiment. strains under control and diuron-exposed conditions. Data are given as means ± standard errors (SE) from triplicates. Significant differences between an exposed strain and its own control are indicated with asterisks (***: p < 0.001).
Figure 3 -Reactive oxygen species at the intracellular level (FL1 ratios) in Tetraselmis suecica C 1 (A) and diuron-acclimated D 3 (B) strains under control and diuron-exposed conditions. Data are given as means ± standard errors (SE) from triplicates. Significant differences between an exposed strain and its own control are indicated with asterisks (*** p < 0.001).
Figure 4 -Morphology (relative cell size, complexity) and chlorophyll content of Tetraselmis suecica C 1 and diuron-acclimated (D 3 ) strains under control and diuron-exposed conditions. Data are presented using arbitrary units (a.u.) obtained from an Accuri C6 flow cytometer. Data are given as means ± standard errors (SE) from triplicates. Significant differences between an exposed strain and its own control are indicated with asterisks (* p < 0.05; ** p < 0.01; *** p < 0.001).
M a n u s c r i p t C1-control C1-exposed D3-control D3-exposed * *** ** * ***
